The bronchial circulation normally represents only 1% or less of the cardiac output (Bruner and Schmidt, 1947; Salisbury, Weil, and State, 1957) . In several diseases of the heart and lungs, however, bronchial vessels can undergo impressive changes. They become dilated and increased in number. This process may affect the arterial or venous side of the bronchial vascular system according to the character of the disease. Collateral vessels between the bronchial and pulmonary circulation are also involved, as is frequently shown in anatomical studies (Ferguson, Kobilak, and Deitrick, 1944; Liebow, Hales, and Lindskog, 1949; Marchand, Gilroy, and Wilson, 1950; Liebow, 1953; Schoenmackers, 1960; Florange, 1960; Schoenmackers, 1963) .
Three factors are implicated in the development of an increased bronchial circulation: (1) heart disease with abnormal pulmonary circulation; (2) chronic infection of the lung; and (3) bronchial neoplasm. Whereas both chronic infection and neoplasm are localized to only a part of the lung, heart disease always affects the whole lung and thus assumes increased haemodynamic importance. Pulmonary atresia with ventricular septal defect, for example, is incompatible with life unless the bronchial collateral circulation is adequate.
Animal experiments indicate that approximately two-thirds of the bronchial arterial flow drains into the pulmonary circulation (Berry and Daly, 1931) . Blood flow in the opposite direction, from the pulmonary to the bronchial circulation, either does not occur or is exceedingly small in normal dogs (Heimburg, Ochwadt, and Schoedel, 1961; Schoedel, Baltzer, Gade, and Piiper, 1961; Schoedel and Heimburg, 1962) . The relation between bronchial and pulmonary circulation is shown schematically in Figure 1 .
Collateral flow depends on the pressure on either side of the anastomotic vessel and on vascular resistance. Considerable evidence exists, however, indicating that blood is also shunted at capillary level.
This paper is concerned with the bronchial collateral flow in pulmonary arterial stenosis, which is the simplest form of malformation in which the development of collateral vessels occurs.
METHOD
The experiments were carried out on 11 mongrel dogs, weighing from 8 to 13 kg., anaesthetized with pentothal (30 mg./kg.). At the first operation about six to eight weeks after birth the main pulmonary artery in seven dogs was encircled with linen tape without causing acute stenosis. These dogs developed relative pulmonary stenosis while growing up. In another two dogs the right pulmonary artery alone was encircled from a left-sided incision and mildly stenosed in order to get more severe stenosis with time. Finally, in two dogs the pulmonary artery of the right lower lobe was stenosed by suturing a 1 mm. diameter teflon tube into the vessel. One was found to be thrombosed later, and one was still patent. The dogs were examined regularly for clinical symptoms of stenosis, such as systolic murmurs and right heart hypertrophy.
After three to four months the dogs were subjected to an experimental procedure similar to that described by a water manometer. Systemic arterial pressure was controlled by a blood reservoir maintained at a known height above the operating table and connected to one of the carotid arteries.
Collateral flow was recorded at three-to fiveminute intervals at constant pressures in the femoral artery, pulmonary artery, and pulmonary vein. Finally, the dog was killed and a necropsy was performed. In seven dogs the pulmonary vessels were injected with a BaSO4 suspension, and serial radiographs were taken.
RESULTS
In seven dogs with stenosis of the main pulmonary artery of a severity just tolerated by the dogs (another three died with symptoms of heart failure weeks or even two months after operation), the development of collateral vessels was moderate compared with that in normal controls where collateral inflow rarely exceeds 4-5 ml. /min./ 10 g. dry lung (Heimburg et al., 1961) . Shunt flow characteristics were similar to those seen in normal dogs, that is, the collateral inflow increases with the systemic arterial pressure if the pulmonary arterial and pulmonary venous pressures are kept constant. On the other hand, the collateral inflow is smaller the higher the pulmonary arterial pressure. Some data are given in the Table. Collateral outflow from the circuit into the systemic circulation could not be demonstrated in any of the dogs studied, although pulmonary venous pressures were frequently increased to 20 or 25 mm. Hg until pulmonary oedema finished the experiment. Radioactivity in the systemic circulation showed no significant increase at the end of the perfusion. This suggests that pulmonary stenosis does not affect anastomosis between the pulmonary and bronchial veins.
More severe stenosis may be produced by the constriction of only one pulmonary artery, as shown in two dogs with right pulmonary artery stenosis. Three months after operation neither of the dogs had developed right heart hypertrophy, and the right ventricular pressures were normal. The left pulmonary artery showed marked poststenotic dilatation. Macroscopically, the bronchial arteries to the right side of the lung showed increased diameters.
Extracorporeal circulation to the right lower lobe was established without difficulty because neither of the dogs had developed adhesions between the lung and the chest wall. Collateral flow was almost linearly related to systemic arterial pressures at constant pressures in the pulmonary artery and vein (Fig. 3) .
Collateral inflow did not show any significant relation to pulmonary arterial pressure in these (Heimburg et al., 1961) . Apparently the resistance of the dilated bronchial vessels varies widely with pressure, or most of the shunts are at capillary level rather than at the arterial side of the pulmonary circulation (Fig. 4) . Total or almost total occlusion of the pulmonary artery of only one lobe is an extreme situation, which may occur in pulmonary embolism. In the two dogs studied with isolated constriction of the pulmonary artery of the right lower lobe, the bronchial arteries were maximally dilated with diameters of up to 3 mm. in life. A dense network of these dilated and tortuous arteries was found at the hilus of the lob>. There were spider-like telangiectases on the surface of the lobe, similar to those frequently found in patients with Fallot's tetralogy. An additional source of blood supply came from thin-walled vessels, which arose singly from adjacent lobes whose arteries had not been constricted. After crossing the interlobar space, they spread over the surface of the lobe while dividing into finer and finer branches.
Since cannulation of the pulmonary artery was impossible, only venous drainage at different aortic pressures was recorded. The linear relation between collateral inflow and pressure in the femoral artery is shown in Figure 5 . Three months after operation revascularization may provide two-thirds of the normal pulmonary circulation in a dog with a ligated pulmonary artery. The revascularization of a lobe with a blocked pulmonary artery is demonstrated in Figure 6 . The aorta was injected retrogradely with BaSOQX suspension. The heart was removed, but the lung was left in place. The bronchi of the right lower lobe are visiblc because of the dilated bronchial arterial network. A decreased pulmonary circulation is always followed by an increased bronchial collateral flow. After experimental stenosis of the pulmonary artery in dogs, the development of bronchial arteries and bronchial collaterals becomes increasingly impressive with more severe stenosis. Williams and Towbin (1955) were able to demonstrate a good relation between bronchial collateral flow and the time after ligation of the left pulmonary artery. Liebow, Hales, Bloomer, Harrison, and Lindskog (1950) studied the anatomical changes after ligation of the pulmonary artery and found a great development of bronchial arteries and arterial collateral vessels. After nine months, precapillary shunts of 50,u diameter were observed, but severe histological changes of the lung tissue were absent. It seems remarkable that in severe stenosis of the main pulmonary artery the collateral flow is only moderately increased or even normal. This is probably due to the fact that the pulmonary circulation is hardly affected by this type of stenosis. An increased resistance is compensated by hypertrophy of the right ventricle and a raised right ventricular pressure, while the cardiac output remains approximately normal. This seems to apply to humans also, for, according to Bishop, the development of collateral vessels does not occur to a significant degree unless more than two-thirds of the lumen of the main pulmonary artery is occluded. Unfortunately, the heart of the dog is highly vulnerable, so that more severe stenosis is not easily tolerated.
If, however, only. one pulmonary artery is stenosed, the haemodynamical consequences are different. None of the four dogs investigated with stenosis of the right pulmonary artery or the artery to the right lower lobe showed any right ventricular hypertrophy later. The main pulmonary artery pressure remains about normal apparently because blood flow to the left side of the lung increases. Necessarily, blood flow through the stenosed lung is reduced, and the post-stenotic pressure drops. One may argue whether a change of flow or pressure causes the development of collateral vessels since neither can be altered independently. We know that a low pulmonary arterial pressure is immediately followed by an increased shunt flow in normal dogs (Heimburg et al., 1961) simply because of the larger pressure difference between bronchial and pulmonary vessels. This could stimulate dilatation of preexisting anastomotic channels. On the other hand, a numerical increase of bronchial arteries cannot be explained by this hypothesis.
There is some evidence that at least the alveoli are supplied by the pulmonary vessels (Miller, 1947; von Hayek, 1953) , although Cudkowicz, Abelmann, Levinson, Katznelson, and Jreissaty (1960) Collateral flow to the lung increased only slightly in the dogs with stenosis of the main pulmonary artery.
In dogs with stenosis of a similar severity of the right pulmonary artery a more marked increase in the collateral flow was observed.
In pulmonary arterial stenosis of a single lobe, a great development of collateral vessels was found in which not only the bronchial vessels of the stenosed lobe but also the vessels of other lobes were involved. 
